Clinical trials in Parkinson's disease have shown that transplants of embryonic mesencephalic dopamine neurons form new functional connections within the host striatum, but the therapeutic benefits have been highly variable. One obstacle has been poor survival and integration of grafted dopamine neurons. Activation of Akt, a serine/threonine kinase that promotes cell survival and growth, increases the ability of neurons to survive after injury and to regenerate lost neuronal connections. Because the lipid phosphatase, phosphatase and tensin homolog (PTEN) inhibits Akt, we generated a mouse with conditional knock-out of PTEN in dopamine neurons, leading to constitutive expression of Akt in these neurons. Ventral mesencephalic tissue from dopamine phosphatase and tensin homologue knock-out or control animals was then transplanted bilaterally into the dopamine depleted striata of MitoPark mice that express a parkinsonian phenotype because of severe respiratory chain dysfunction in dopamine neurons. After transplantation into MitoPark mice, PTEN-deficient dopamine neurons were less susceptible to cell death, and exhibited a more extensive pattern of fibre outgrowth compared to control grafts. Voltammetric measurements demonstrated that dopamine release and reuptake were significantly increased in the striata of animals receiving dopamine PTEN knock-out transplants. These animals also displayed enhanced spontaneous and drug-induced locomotor activity, relative to control transplanted MitoPark mice. Our results suggest that disinhibition of the Akt-signalling pathway may provide a valuable strategy to enhance survival, function and integration of grafted dopamine neurons within the host striatum and, more generally, to improve survival and integration of different forms of neural grafts.
Introduction
Parkinson's disease is a degenerative neurological disorder that typically affects the patient's motor skills, speech, writing, as well as other cognitive functions and is characterized by the progressive loss of dopamine neurons in the substantia nigra pars compacta. These midbrain neurons modulate motor and cognitive functions through dopamine innervation of basal ganglia and forebrain regions. Pharmacological enhancement of dopamine signalling through L-DOPA or agonist therapy is beneficial early in the disease, but becomes less effective as the disease progresses (Marsden, 1994; Rajput et al., 2002) . Intrastriatal transplantation of foetal dopamine neurons in affected individuals aims to normalize dopamine levels and release of dopamine in striatum. Embryonic dopamine neurons are capable of establishing a new terminal network within the host striatum, augmenting both afferent input to striatal projection neurons and information flow through the damaged motor circuitry (Lindvall et al., 1990a (Lindvall et al., , b, 1994 Freed et al., 1992 Freed et al., , 2001 Mendez et al., 2000; Piccini et al., 2000) . However, the poor survival of implanted dopamine neurons remains an issue in animal models and clinical trials alike and is considered a major factor in the incomplete and variable recovery seen in clinical trials (Brundin et al., 2010) .
Recovery of motor function by grafted dopamine neurons appears dependent on several crucial parameters, including dopamine neuron survival and integration with the host tissue. Several protocols have been developed to improve cell survival, such as preincubation of embryonic cells with trophic factors, or substances that inhibit apoptosis (Bjorklund et al., 1998; Tornqvist et al., 2000; Ahn et al., 2005; Andereggen et al., 2009; Chou et al., 2011) . However, the success of these protocols has been limited and cell survival after transplantation remains an obstacle in the neural transplantation field. One possible way to promote extended survival of transplanted embryonic neurons is to enhance the activity of cellular pathways known to mediate cell survival signals, and the ability of neurons to extend neurites into surrounding tissues. PI3K/Akt enhances activity of intracellular cell survival pathways and also exhibits anti-apoptotic effects under a variety of conditions such as withdrawal of trophic factors, oxidative stress and ischaemic shock (Brunet et al., , 2001 Datta et al., 1999; Chang et al., 2007) . Phosphatase and tensin homologue (PTEN) is a lipid phosphatase that antagonizes PI3K activity and therefore is the main inhibitor of the Akt-signalling pathway (Stiles et al., 2004) . Utilizing Cre-loxP technology to specifically inactivate the Pten gene in dopamine neurons (DA-PTEN-KO mice), we and others found that PTEN ablation in dopamine neurons enhances Akt signalling, suppresses apoptosis and preserves striatal innervation following nigrostriatal lesions (Diaz-Ruiz et al., 2009; Domanskyi et al., 2011) . Subsequent studies have shown that constitutive forms of the kinase Akt in dopamine neurons induce regrowth of axons after damage by neurotoxic lesions (Domanskyi et al., 2011; Kim et al., 2011) . Thus, several lines of evidence suggest a role for the PI3K/Akt pathway in the survival of different neuronal populations. However, it is not clear if activation of this pathway can also enhance the outcome of cell replacement therapies, in particular those affecting the survival and function of dopamine neurons. To examine whether Akt activation can protect vulnerable dopamine neurons after transplantation, we grafted ventral mesencephalic embryonic tissue from conditional DA-PTEN-KO and control mice bilaterally into the dopamine depleted striata of MitoPark mice (Ekstrand et al., 2007; Harvey et al., 2008; Ekstrand and Galter, 2009; Beal, 2010; Dawson et al., 2010; Galter et al., 2010; Good et al., 2011) . The MitoPark mouse provides a valuable model to examine the benefit of dopamine cell replacement therapy, since this animal model of mitochondrial dysfunction closely mimics the progressive degeneration of dopamine neurons in Parkinson's disease (Beal, 2010; Galter et al., 2010) , and presents a much less variable phenotype than that seen with toxin models.
Materials and methods
All studies were conducted according to standards outlined in the NIH Guide for the Care and Use of Laboratory Animals, and were approved by the Animal Care and Use Committee of the NIDA Intramural Research Programme. Mice were bred to a congenic c57bl/6 background. All surgical procedures were conducted under general anaesthesia using ketamine (100 mg/kg) and xylazine (10 mg/kg body weight).
Transplantation of ventral mesencephalic embryonic tissue into MitoPark mice
Timed pregnant mice (day of vaginal plug designated as embryonic Day 0.5) were generated by crossing (i) were removed from pregnant mothers after lethal exposure to isoflurane. Tissue blocks from the ventral mesencephalon containing dopamine neurons were dissected free from each embryo taking care to remove the meninges. Each tissue block, corresponding to one embryo, was divided in the midline into two pieces to provide material for bilateral grafting into the striata of one MitoPark mouse. Tissue blocks were stored in tissue culture media (Glasgow Minimum Essential Medium) and placed on ice prior to transplantation. MitoPark mice (Tfam mitochondrial transcription factor A loxp/loxp DAT Cre/wt ) were bred on a c57bl/6 congenic background, to avoid transplant rejection. Each embryo was genotyped to verify the mutation. Male MitoPark mice used in this study were heterozygous for DAT-Cre expression and homozygous for the loxp flanked Tfam gene. They were single-housed and received an unlimited diet of ground mouse chow starting at 19 weeks of age (1 week prior to the transplantation procedure), and for the duration of the study. The transplantation procedure was performed using a 22-gauge Chiba needle attached to a 10 ml Hamilton syringe. The ventral mesencephalon corresponding to one embryo, dissected into two tissue blocks as described above, was grafted bilaterally into the striatum of 20-week-old MitoPark mice at the following stereotaxic coordinates: anterior-posterior + 0.5, median-lateral + 2.3, dorsal-ventral À 3.5 (flat skull position). Tissue blocks were injected over 2 min and the needle was left in place for another 2 min before slow withdrawal. For behavioural and morphological studies, animals were divided into five groups. Groups 1 (n = 17) and 2 (n = 13) consisted of MitoPark animals grafted with ventral mesencephalic tissue from DA-PTEN-KO or control embryos, respectively. Group 3 (n = 6) consisted of sham-operated MitoPark mice. Group 4 (n = 9) consisted of naïve MitoPark animals. Group 5 (n = 8) was the baseline control group and consisted of aged-matched DAT-Cre heterozygous animals. As control Groups 3 and 4 did not show any significant differences, their data were pooled into one group referred to as 'MitoPark mice'.
Behavioural testing
MitoPark mice receiving bilateral control or DA-PTEN-KO transplants were behaviourally evaluated to determine the impact of the grafts on specific behavioural tasks including open field and nomifensineinduced locomotion, motoric circadian rhythm and also on execution of locomotor tasks highly dependent on dopamine such as body posture (rearing, vertical movement). Figure 1 represents an overview of the animals and timing of experimental procedures.
Spontaneous locomotor activity
Spontaneous ambulatory activity (total distance) and vertical movements of mice were recorded using activity chambers placed into analysers, where total distance and vertical movements were monitored through a grid of infrared light beams (Versamax, AccuScan Intruments). Behavioural recordings started at 16 weeks of age and continued every 4 weeks, until the end point of the study at 36 weeks of age. Recording sessions lasted 60 min. After behavioural recordings at 20 weeks of age, MitoPark mice received bilateral striatal transplants. Behavioural recordings continued after the animals recovered from surgery at 24 weeks of age. At 36 weeks of age, and after recording spontaneous locomotor activity, mice were injected with saline (intraperitoneally) and the measurements continued for another 60 min. After habituation to the injection procedure, mice received an injection of nomifensine (15 mg/kg intraperitoneally) and locomotor activity was recorded for an additional 60 min. During each recording session animals were placed randomly in one of eight experimental chambers.
Circadian locomotor activity (1:1000, Chemicon). Sections were then rinsed (3 Â 10 min) in phosphate buffer and incubated for 1 h with a biotinylated anti-rabbit antibody (1:200, Vector Labs). Sections were rinsed (3 Â 10 min) in phosphate buffer and incubated with avidin-biotinylated horseradish peroxidase for 2 h. Sections were again rinsed and the peroxidase reaction was developed with 0.05% 3,3 0 -diaminobenzidine-4-HCl (DAB) and 0.003% H 2 O 2 . Sections from adult animals, stained as described above, were mounted on coated slides, dehydrated and cover slipped. As sections from Day 16.5 embryos were frail, they were mounted on coated slides after sectioning and prior to the staining procedure.
Western blot analysis
Tyrosine hydroxylase and b-actin protein levels were assayed by western blot in ventral mesencephalon tissues from Day 16.5 embryos Figure 1 Overview of the present experiment. Behavioural measurements were obtained for all animal groups included in the study starting at 16 weeks of age. After recording baseline behavioural activity at 20 weeks, MitoPark mice were grafted with control or DA-PTEN-KO ventral mesencephalon tissue. This was followed by a sequence of behavioural tests during the subsequent 16 weeks post-grafting.
(n = 3 controls, n = 3 knock-out) and adult mice (n = 3 controls, n = 3 knock-out). Protein was isolated using the total protein extraction kit (Chemicon,) following the manufacturer's instructions. Isolated protein (15 mg) was transferred to a polyvinylidene-difluoride membrane and incubated with an anti-tyrosine hydroxylase antibody (Chemicon, 1:1000) and b-actin (Sigma, 1:10 000) overnight at 4 C. Membranes were then incubated with anti-rabbit (1:5000) and anti-mouse 1:5000 (Roche) secondary antibodies for 2 h at room temperature. Chemiluminescent signal detection on the polyvinylidene-difluoride membranes was performed using the Lumi-Light western blotting kit (Roche). Membranes for embryonic and adult tissues were developed separately. Band densities were analysed using NIH ImageJ software. Quantification was performed by measuring the intensity of the tyrosine hydroxylase-specific band and comparing with that of b-actin in adult and embryonic tissues.
Cell counting
Unbiased stereological counts of tyrosine hydroxylase-positive neurons within the substantia nigra pars compacta of adult and Day 16.5 embryos were performed using stereological principles and analysed with Stereo Investigator software (Microbrightfield). The number of tyrosine hydroxylase-positive neurons was estimated in (i) adult control (n = 4), naïve Mitopark mice (n = 4), and Mitopark mice receiving control grafts (n = 4) and DA-PTEN-KO grafts (n = 4); and (ii) Day 16.5 control (n = 3) and DA-PTEN-KO (n = 3) embryos. The optical fractionator probe was used to generate an estimate of neuronal tyrosine hydroxylase-positive numbers. The entire substantia nigra pars compacta region in adult animals was outlined under a low magnification objective ( Â 5) following landmarks from the Franklin and Paxinos mouse atlas (Franklin and Paxinos, 1997) . For Day 16.5 embryos, three consecutive sections within a tissue series were analysed, and therefore do not represent cell counts for the entire substantia nigra pars compacta region. Counting started on the first and most rostral tissue section containing both the substantia nigra pars compacta and ventral tegmental area. The medial border of substantia nigra pars compacta was delineated with a vertical line passing through the medial tip of the cerebral peduncle and the medial terminal nucleus of the accessory nucleus of the optic tract. All the stereological analyses were performed under the Â 40 objective of a Leica DM5000B microscope and only one hemisphere was quantified per animal (Leica Microsystems). For each tissue section analysed, section thickness was assessed in each sampling site and guard zones of 2.5 mm were used at the top and bottom of each section. Systematic random sampling design was performed and generated with the following stereological parameters: grid size = 131 mm, counting frame = 123 mm and dissector height = 25 mm. Our criterion for counting an individual tyrosine hydroxylase-positive neuron was the presence of its nucleus either within the counting frame, or touching the right or top frame lines (green), but not touching the left or bottom lines (red). The area of tyrosine hydroxylase-positive neurons in the substantia nigra pars compacta was estimated using the nucleator probe. Co-efficients of error were calculated and values 50.10 were accepted. The small and heterogeneous size of the grafts allowed for identification and manual counting of all tyrosine hydroxylase-positive neurons present in each analysed section of striatum, thus avoiding the need for stereological counting procedures. The total number of tyrosine hydroxylase-positive cells in the intrastriatal grafts was estimated for each animal through extrapolation of the number of tyrosine hydroxylase-positive cells counted in every fourth section. The method of Abercrombie (1946) was used to correct for changes in cell size and double counting caused by cells spanning more than one section.
Relative optical density
To determine density of tyrosine hydroxylase-positive fibres, the mean optical density was measured in striatum. Optical density is a sensitive and reliable tool to measure density of innervation and to detect changes caused by experimental manipulations (Burke et al., 1990) . Sections were scanned using a Nikon Coolscan 9000, under identical exposure conditions and digital images were then transformed to 8-bit grey scale images. The optical density quantification was performed using NIH ImageJ software. Optical density measures were determined in every fourth striatal section from each mouse brain, within + 1.1 mm and + 0.14 mm relative to bregma. Non-specific background was determined by subtracting readings made from the adjacent cortex. To measure staining density in the striatum, optical density measures included the entire striatal region in each section. In the grafted MitoPark animals, the mean optical density values from (i) striatal sections containing transplanted tyrosine hydroxylase-positive neurons and (ii) striatal sections devoid of transplanted neurons, were collected separately. By differentiating striatal sections containing grafted embryonic neurons, from those solely containing tyrosine hydroxylase-positive fibres, we were able to determine differences in reinnervation of striatum and cell densities among the transplanted animals.
Recordings from brain slices Slice preparation
Thirty-six-week old MitoPark mice grafted with control (n = 5) or DA-PTEN-KO tissue (n = 5), as well as non-grafted MitoPark (n = 3) and control mice (n = 3) were sacrificed by cervical dislocation and brains rapidly removed and placed in a modified, high-sucrose containing ice-cold artificial CSF medium. Coronal hemisections (280 mm) containing striatum were cut using a vibratome (Leica VT1000S). Slices were incubated in standard oxygenated artificial CSF at 34-35 C for 20-30 min, then allowed to stabilize at room temperature for 430 min prior to initiating recordings. During recordings, slices were continuously superfused with artificial CSF at a rate of 2 ml/min, and maintained at 28-30 C.
Voltammetric recordings
Fast scan cyclic voltammetry was performed according to previously published protocols (Good et al., 2011) . Carbon fibres (7 mm diameter) were vacuum-aspirated into borosilicate pipette glass. Pipettes were pulled using a conventional patch-pipette puller, and the ends of the carbon fibre were cut to allow $25-30 mm exposed length protruding from the pipette tip. Pipettes were back filled with a 4 M potassium acetate/150 mM KCl solution and connected to a standard patch pipette holder/headstage assembly. A patch clamp amplifier (HEKA EVA-8) was used to deliver voltage and measure current from the headstage. Voltammetric scan and stimulation-timing protocols were performed using PCI-based A/D boards (National Instruments) and custom software (courtesy of Dr Mark Wightman, University of North Carolina). Scans consisted of sweeps from À0.4 to 1.3 V and back to À 0.4 V, at a rate of 400 V/s, and were obtained every 100 ms. A 5 s (50 scan) control period preceded each electricallyevoked response, and was used to obtain a background current that was digitally subtracted from the current obtained during the peak of the response. Currents were converted to concentration by generation of linear in vitro calibration curves for each electrode using 1-5 mm dopamine. Electrode sensitivities did not differ between groups. All signals used in analyses matched the expected voltammetric profile for dopamine.
Electrically evoked dopamine signals in brain slices
Under stereoscopic magnification, carbon fibres were lowered to a depth of $100 mm in the dorsal striatum. A bipolar stimulating electrode was positioned $75-100 mm from the carbon fibre. Input-output curves (stimulus intensity versus dopamine release) were constructed using single, constant current pulses (0-250 mA, 1 ms duration) delivered between voltammetric scans. Because of heterogeneity of release, four to five sites were sampled and averaged within each slice. The transplanted tissue could be visualized in some sections. In these sections, we sampled from sites both proximal ($100 mm) and distal (4500 mm) to the implanted tissue. However, in order to assess the overall innervation of striatum, we sampled from sections both anterior and posterior ( AE560 mm) to the transplant site. Dopamine uptake was assessed by fitting the decay portion of each signal to a single exponential function. The obtained tau values are independent of the signal amplitude, and have previously been demonstrated to be related to the efficiency of dopamine transporter-mediated uptake of dopamine (V max /K m ), and are sensitive to dopamine transporter inhibitors (Good et al., 2011).
Statistical analyses
Data are expressed as means AE SEM. Two group comparisons were analysed by a Student's t-test and multiple group comparisons were performed by analyses of variance (ANOVA) followed by post hoc analyses. Differences were considered significant at P 5 0.05. Statistical analyses and curve fits were carried out using Prism (v. 5.0; GraphPad Scientific).
Results
Tyrosine hydroxylase expression levels and number of tyrosine hydroxylase-positive neurons are similar in the ventral mesencephalon of control and DA-PTEN-KO embryos at the time of transplantation Dopamine midbrain neurons are first generated near the midbrain-hindbrain junction and migrate radially to their final position in the ventral midbrain. Tyrosine hydroxylase, the rate limiting enzyme in the biosynthetic pathway of cathecholamines, can be first detected in the mouse at embryonic Day 11.5, suggesting initiation of dopamine differentiation. In contrast, gene transcripts for the dopamine transporter are not detected in the mouse ventral mesencephalon until dopamine axons reach the target at about Day 15. This suggests that during ontogeny, dopamine synthesis and high-affinity uptake develop asynchronously and in a non-correlated fashion. In DAT-Cre conditional transgenic mice, Cre recombinase activity, and therefore Pten deletion is induced shortly after DAT induction, about Day 15, and just prior to the time of transplantation in this study (Backman et al., 2006 ). Since we have previously shown that Pten deletion in dopamine neurons induces a significant increase in the number of dopamine neurons in adult animals (Diaz-Ruiz et al., 2009), we considered it important to determine whether the number of tyrosine hydroxylasepositive neurons in the ventral mesencephalon of control and DA-PTEN KO embryos was similar at the time of transplantation. Stereological cell counts were performed in the substantia nigra pars compacta from Day 16.5 embryos and showed no significant differences in the number of tyrosine hydroxylase-positive neurons between control and DA-PTEN-KO mice (Fig. 2C, D and G) . It must be noted that in Day 16.5 embryos, most tyrosine hydroxylase-positive neurons in the ventral tegmental area did not show an identifiable nucleus, and existed in immunoreactive clusters, so this region was not included in the stereological analyses. However, immunocytochemical analyses determined the area occupied by tyrosine hydroxylase-positive cell bodies in the substantia nigra pars compacta and ventral tegmental area were similar between control (n = 4, 0.19 AE 0.006 mm 2 ) and DA-PTEN-KO (n = 4, 0.2 AE 0.006 mm 2 ) Day 16.5 embryos ( Fig. 2C and D) . Additionally, the cell size of tyrosine hydroxylase-positive neurons in the substantia nigra pars compacta did not significantly differ between the groups. The average cell area for tyrosine hydroxylase-positive neurons in control embryos was 71.37 AE 3.46 mm 2 , and 77.50 AE 3.84 mm 2 in DA-PTEN-KO embryos (two-tailed t-test, P 4 0.05). Western blot analyses further confirmed the presence of similar amounts of tyrosine hydroxylase protein levels in control and mutant Day 16.5 embryos ( Fig. 2E and F, one-way ANOVA, P 4 0.05). These data suggest that embryonic tissue from control and DA-PTEN-KO animals contained the same number of tyrosine hydroxylase-positive cells at the time of transplantation.
Effects of bilateral embryonic transplants on motor decline in MitoPark mice
Spontaneous locomotor activity
As shown in previous studies, MitoPark mice begin showing motor impairment symptoms by 12 weeks of age (Ekstrand et al., 2007; Ekstrand and Galter, 2009 ) and are severely debilitated by 36 weeks due to the significant degeneration of dopamine neurons in the substantia nigra pars compacta, and loss of dopaminergic striatal innervation (Ekstrand et al., 2007; Ekstrand and Galter, 2009) . In the present study, we observed a similar progressive decline in non-grafted MitoPark mice. As shown in Fig. 3 , untreated MitoPark mice demonstrated significantly reduced spontaneous locomotor activity at 16 weeks of age, when compared to age-matched controls. At 36 weeks of age, these mice displayed symptoms similar to advanced Parkinson's disease with respect to their spontaneous locomotor behaviour. These deficits were not significantly improved in MitoPark animals that received control grafts (Fig. 3A) . However, MitoPark mice grafted with DA-PTEN-KO tissue showed a significant increase in locomotor activity at 36 weeks of age (or 16 weeks after transplantation), relative to both non-transplanted MitoPark mice and MitoPark mice receiving control grafts (Fig. 3A) . Vertical activity in MitoPark animals grafted with DA-PTEN-KO tissue showed a trend towards better performance, when compared to control grafts (Fig. 3B) ; however, the difference was not statistically significant.
Nomifensine-induced locomotor activity
The partial restoration of spontaneous motor activity in MitoPark mice receiving DA-PTEN-KO tissue suggests a partial normalization of dopamine input following transplantation. In order to behavior was examined every 4 weeks, starting at $16 weeks of age. Mitopark animals received control and DA-PTEN-KO intrastriatal grafts at 20 weeks of age, after baseline behavioural recordings, and behavioural evaluations continued for an additional 16 weeks. MitoPark mice showed reduced spontaneous locomotor activity at 16 weeks of age. Total distance (A) and vertical activity (B) of MitoPark mice continued to decline, and animals were severely impaired at 36 weeks of age (two-way ANOVA; Bonferroni post hoc analysis *P 5 0.05, **P 5 0.01). MitoPark animals grafted with DA-PTEN-KO tissue showed a significant improvement in spontaneous ambulatory activity at 36 weeks, relative to control grafted and naïve MitoPark mice. Vertical activity did not change significantly in MitoPark animals grafted with either DA-PTEN-KO or control tissue, although there was a trend to increased vertical activity in the former group. (C) At 36 weeks of age (or 16 weeks after grafting), animals were evaluated for nomifensine (15 mg/kg, intraperitoneal)-induced locomotor behaviour. Thirty-six-week old MitoPark mice did not respond to nomifensine treatment, while locomotor activity of DA-PTEN-KO grafted MitoPark mice was similar to that from age-matched controls, and significantly higher when compared with both control-grafted MitoPark animals and naïve MitoPark mice (one-way ANOVA; Dunn's post hoc analysis **P 5 0.01). (D) At 35 weeks of further evaluate this, we examined the locomotor stimulating effects of the dopamine uptake inhibitor nomifensine (15 mg/kg). Thirty-six-week-old control mice responded to nomifensine by significantly increased locomotor activity after habituation to a saline injection (Fig. 3C) . In contrast, 36-week-old MitoPark mice did not respond to nomifensine treatment, presumably due to the lack of functional dopamine transporter-containing axon terminals in the striatum. Interestingly, after nomifensine treatment, the mean total distance activity of DA-PTEN-KO grafted MitoPark mice was similar to that from aged-matched controls, and significantly higher when compared to both control-grafted MitoPark animals and naïve/sham MitoPark mice (Fig. 3C) . Overall, these behavioural results suggest dopamine availability, and distribution of dopamine axon terminals, are significantly augmented in the striatum of MitoPark mice receiving DA-PTEN-KO grafts, when compared with control grafts.
Circadian motor activity
All groups showed a normal circadian rhythm by moving less during the light phase, once they habituate to the new environment, and more during the dark phase. Interestingly, MitoPark animals grafted with DA-PTEN-KO tissue showed a significant and robust increase in the total distance associated with the nocturnal cycle compared with non-grafted MitoPark mice, MitoPark mice with control grafts and control mice (Fig. 3D ).
Dopamine neuron survival and neurite outgrowth
The pattern of tyrosine hydroxylase expression in striatum of 36-week-old MitoPark and sham operated MitoPark animals illustrates the extensive denervation induced by the lack of TFAM in dopamine neurons, compared with levels in age-matched control mice ( Fig. 4A and B) . Consistent with previous studies (Ekstrand et al., 2007) , at the level of the midbrain there was a near complete loss of tyrosine hydroxylase-positive dopamine neurons in the substantia nigra pars compacta, while tyrosine hydroxylasepositive neurons in the ventral tegmental area were partially spared ( Fig. 4C and D) . While stereological cell counts for the substantia nigra pars compacta revealed a large reduction in the number of tyrosine hydroxylase-positive neurons in all MitoPark animals when compared to aged-matched controls, no significant differences were found between naïve and transplanted MitoPark mice (Fig. 4E) , thereby suggesting that dopamine neuron degeneration is not affected by the transplantation procedure in MitoPark animals. Four months after transplantation, immunohistochemistry for tyrosine hydroxylase showed 33/34 (97%) and 20/24 (83%) surviving grafts in MitoPark animals transplanted with DA-PTEN-KO or control tissue, respectively. Non-surviving grafts were not included in cell count and optical density analyses. Cell counts (Fig. 5H) showed that an average of 254 AE 42.91 tyrosine hydroxylase-positive neurons survived in control grafts, while a significantly higher number was found in DA-PTEN-KO grafts (567 AE 93.21, P 5 0.01). Consistent with our previous observations in adult DA-PTEN-KO mice (Diaz-Ruiz et al., 2009) , morphological analyses of the transplants demonstrated larger and more densely packed tyrosine hydroxylase-positive neurons in the DA-PTEN-KO transplants compared with control transplants (Fig. 5B and E) . The average cell area for tyrosine hydroxylasepositive neurons in control grafts was 184 AE 11.31 mm 2 , compared with 333 AE 18.33 mm 2 in DA-PTEN-KO tyrosine hydroxylase grafts (two-tailed t-test, P 5 0.001). Tyrosine hydroxylase immunoreactivity was found in cell bodies and throughout the dendritic and axonal processes of the grafted dopamine neurons. Immunohistochemistry for tyrosine hydroxylase revealed a clear difference in the ability of the PTEN-KO dopamine neurons to innervate the host striatum compared with control grafts (Fig. 5G) . Average tyrosine hydroxylase optical density levels corresponding to striatal sections containing graft-derived innervation, and no tyrosine hydroxylase-positive cell bodies (thereby away from the graft core, Fig. 5G 'innervation') demonstrated a 2-fold increase in tyrosine hydroxylase-positive innervation in the DA-PTEN-KO grafted striatum. These data suggest that neurites extending from PTEN-deficient transplanted dopamine neurons reinnervate larger areas of the striatum and/or provide a denser fibre network than control transplants. Likewise, striatal optical density of the tyrosine hydroxylase-positive cell body containing compartment of the grafts was twice as high in grafts lacking PTEN, than in control dopamine grafts (Fig. 5G 'TH + neurons').
Striatal dopamine signalling in naïve and transplanted MitoPark mice
At 36 weeks of age, naïve (non-grafted) MitoPark mice exhibited minimal dopamine release compared with age-matched controls (Fig. 6A) . Dopamine transporter-mediated uptake could not be quantified reliably in these MitoPark mice, as signals appeared to exhibit diffusion-like characteristics, consistent with marked axonal terminal loss in these animals (Fig. 6A) . We next compared the extent of dopamine transmitter recovery in transplanted MitoPark mice. Coronal sections (280 mm) were prepared as for standard striatal recordings. In order to minimize variability arising from the exact location/size of the grafted tissue, we sampled multiple sites from slices that contained a visible transplant, as well as two to three additional slices anterior/posterior to the graft core. In Figure 3 Continued age, locomotor activity was measured every hour for 24 h, starting at 11:00 am, during the light phase. All groups showed a normal circadian rhythm by moving less during the light phase, after habituation to the new environment and more during the dark phase. MitoPark animals grafted with DA-PTEN-KO tissue showed a significant increase in the total distance in the nocturnal cycle as compared with all other groups. Significant differences shown compared to MitoPark control graft group (two-way ANOVA; Bonferroni post hoc analyses for all groups: *P 5 0.05, **P 5 0.01, ***P 5 0.001). Data presented as mean AE SEM; ns = non-significant.
sections that contained a visible transplant, we sampled from sites both proximal (5200 mm) and distal (4500 mm) from the grafted tissue, but did not observe any systematic differences (data not shown). When averaged across all recording sites throughout the striatum, the amplitude of dopamine signals was significantly greater across a range of stimulus intensities in the DA-PTEN-KO grafted striatum (Fig. 6C ). In addition, the decay time constants of the observed signals from DA-PTEN-KO grafts (E) Quantification of tyrosine hydroxylase-positive neurons in the substantia nigra pars compacta of control and MitoPark mice confirmed a significant and comparable loss of tyrosine hydroxylase-positive neurons in both naïve and transplanted MitoPark mice (one-way ANOVA; Bonferroni post hoc analyses for all groups: ***P 5 0.001). Significant differences are shown compared to the MitoPark group. Scale bars: A = 250 mm, B = 200 mm. ns = non-significant. KO = knock-out; SNpc = substantia nigra pars compacta; TH = tyrosine hydroxylase; ns = non-significant. more closely matched those found in control striata (Fig. 6D ), and were significantly faster than those observed from control-grafted tissue. These data suggest a greater capacity for dopamine transporter-mediated uptake as well as release in the DA-PTEN-KO transplanted striatum.
Discussion
Our results indicate that Pten deletion from embryonic dopamine neurons enhances their intrinsic growth capacity, and results in significant improvements in graft integration. Morphological Upper panel shows the averaged signals elicited by 100 mA stimulation, in DA-PTEN-KO grafted striatum (red trace, n = 14) and control-grafted striatum (blue trace, n = 15) normalized to the amplitude of control, non-MitoPark mice (control, green, n = 9). Decay time constants from DA-PTEN-KO grafted striatum did not significantly differ from control striatum (one-way ANOVA, Tukey post hoc analysis P 4 0.05). Note that decay time constants could not be calculated for age-matched, non-grafted MitoPark mice owing to the minimal nature of the signal (A). DA = dopamine.
analyses show that Pten deletion from embryonic dopamine neurons enhances the overall reinnervation of the dopamine depleted striatum after grafting and leads to a markedly increased capacity for neurons to extend functional axons into areas distal from the graft placement site. Behavioural results demonstrated the enhancement of both spontaneous and drug-induced locomotor activity in MitoPark mice following DA-PTEN-KO transplantation. These anatomical and behavioural findings were further confirmed by voltammetric recordings demonstrating improved dopamine release and uptake throughout the striatum in DA-PTEN-KO grafted MitoPark mice. Together, these data suggest that strategies aimed at targeting PTEN signalling in dopamine neurons could be exploited to improve graft survival and function. For more than 20 years, embryonic dopamine cell transplantation has been performed in humans and a number of open clinical trials have described benefits from transplantation (Lindvall et al., 1988 (Lindvall et al., , 1989 Olanow et al., 2009; Freed et al., 2011; Tsui and Isacson, 2011) . However, up to now, transplant efficacy has been variable, presumably because the majority of grafted dopamine cells die early after transplantation and because grafted dopamine neurons demonstrate a limited ability to properly integrate with the host striatum. Paucity of trophic factor support by adult host tissue, hypoxia and other aspects of the grafting procedure have all been suggested to be involved in death of many grafted dopamine neurons. In addition, most cell replacement protocols evaluated in animal models of Parkinson's disease have utilized post-mitotic, differentiated dopamine neurons as grafting material. It has been documented that once neurons differentiate and neural circuits are established during development, intrinsic neuronal growth signals are gradually repressed (Abe and Cavalli, 2008) . It is possible the robust growth mode typical of immature neurons is repressed in differentiated dopamine neurons at the time of transplantation, thereby limiting the ability of grafted neurons to interact and form robust connections with the host tissue. In accordance with this hypothesis, previous studies in rodents have shown that young donor age ventral mesencephalic grafts (Day 12) appear to retain a larger capacity to yield greater numbers of surviving dopamine neurons and reinnervate the host striatum more effectively, compared with older donor tissues (Day 14; Torres et al., 2007 Torres et al., , 2008 . In this study we grafted ventral mesencephalon tissues around the time of Pten deletion at Day 16.5. This approach allowed us to evaluate whether Pten deletion protects embryonic dopamine neurons despite grafting during a developmental stage that is not optimal for either survival or integration with host tissue. Moreover, grafting at this suboptimal stage allowed a larger response window by reducing the efficacy of PTEN-containing control transplants.
Inactivation of PTEN enhances intrinsic growth signals and survival potential of mature neurons, by permitting the constitutive activation of the serine-threonine Akt-signalling pathway, also known as the protein kinase B pathway. Akt blocks cell death by regulating the activity of several proteins directly involved in cell death/survival pathways, such as the regulation of apoptosis (Datta et al., 1999; Brunet et al., 2001; Chang et al., 2007) . In addition, Akt phosphorylation enhances the activity of the mammalian target of rapamycin (mTOR) complex 1 (Park et al., 2008 (Park et al., , 2010 , which in turn leads to an increment in the overall activity of the cell by increasing protein synthesis, mitochondrial function, energy production, metabolism and cell growth (Chong et al., 2010; Bove et al., 2011; Perier et al., 2011) . Thus, emerging evidence suggests that Akt is a master regulator of cell growth, survival and bioenergetic signalling. We and others have previously demonstrated the resistance of PTEN knock-out dopamine neurons to neurotoxic insult (Diaz-Ruiz et al., 2009; Domanskyi et al., 2011) . In order to further evaluate the therapeutic potential of cell-specific Pten deletion, in this communication we transplanted ventral mesencephalic tissue from DA-PTEN-KO or control mice into the dopamine depleted striatum of MitoPark mice. Sixteen weeks following transplantation, MitoPark animals that received DA-PTEN-KO grafts exhibited increased dopamine neuron survival rates and reinnervation of the host striatum compared with control transplants. Since we transplanted post-mitotic and phenotypically differentiated dopamine neurons, and in our knockout model Pten is only deleted in differentiated dopamine neurons, it is unlikely that the observed increase in tyrosine hydroxylase-positive neurons in DA-PTEN-KO grafts reflects an increase in newly formed neurons. In addition, we determined by western blot analyses and immunocytochemistry that at embryonic Day 16.5, DA-PTEN-KO and control mice contained equal levels of tyrosine hydroxylase protein in the ventral mesencephalon, and that the number of tyrosine hydroxylase-positive neurons in the substantia nigra pars compacta is similar between the groups, thereby suggesting that at the time of transplantation all grafts would contain approximately the same number of dopamine neurons. It is thus likely that Pten ablation preserves dopamine neurons after transplantation by suppressing the initiation of apoptotic pathways.
Beyond improved dopamine neuron survival; an additional factor to consider for functional effects of intrastriatal grafts is the establishment of sufficient amounts of new synapses providing dopamine release in the host striatum. While Akt signalling is known as a mediator of axon regeneration in the mature nervous system (Namikawa et al., 2000; Read and Gorman, 2009; Burke, 2010; Christie et al., 2010; Cheng et al., 2011; Kim et al., 2011) , it is not known if Akt-signalling enhancement in embryonic dopamine neurons can facilitate axonal growth after transplantation into an adult host brain. Our morphological results suggest that grafted DA-PTEN-KO neurons exhibit more axonal projections away from the graft location into distal sites of the dopamine deficient host striatum, when compared with control grafts. These morphological findings were further confirmed by voltammetric recordings performed in transplanted striatal slices. Since 36-week-old MitoPark mice show minimal release and reuptake (Fig. 6A) , the signals obtained in grafted animals at this time point are primarily indicative of graft function. On average, we observed more robust dopamine release throughout the striatum in DA-PTEN-KO grafted MitoPark mice than in mice grafted with control tissue.
At 36 weeks of age (16 weeks after grafting), MitoPark animals receiving DA-PTEN-KO grafts responded more strongly to nomifensine, and were also more active during the dark cycle, when compared not only with control grafted animals, but also with age-matched controls with an intact dopamine system. In the spontaneous locomotor activity test, MitoPark animals containing DA-PTEN-KO grafts showed a tendency towards improvement starting at 12 weeks post-grafting, which became significant at 16 weeks after transplantation. This recovery curve for correction of spontaneous motor function may reflect continued growth and maturation of the DA-PTEN-KO transplants between 12 and 16 weeks to finally establish a threshold level of graft-derived dopamine innervation in the host striatum. We also hypothesize that the enhanced behavioural effects may reflect the well-known denervation supersensitivity that follows dopamine cell degeneration (Rinne et al., 1990; Antonini et al., 1997; Berke et al., 1998; Gerfen et al., 2002) . Supersensitivity would not be expected to be reversed by the transplants, since the PTEN-KO grafts normalized dopamine to $10% of that observed in intact striatum ( Fig.  6A and C) . However, these grafts may release sufficient dopamine to stimulate supersensitive dopamine receptors, thereby resulting in enhanced locomotor activity. Indeed, we found that dopamine uptake was normalized following transplantation of DA-PTEN-KO neurons. This implies that, although the number of functional release sites and/or releasable dopamine content is still greatly reduced in the DA-PTEN-KO MitoPark transplanted striatum when compared with the intact striatum, these sites maintain the capacity for normal, dopamine transporter-mediated control of extracellular dopamine levels. The recovery of dopamine transporter function was further confirmed in behavioural studies. Elevation of motor behaviour by nomifensine, a dopamine reuptake blocker, was only observed in DA-PTEN-KO transplanted MitoPark mice. By comparison, control transplants demonstrate reduced clearance of dopamine, confirming earlier observations in 6-hydroxydopamine lesioned animals models of Parkinson's disease (Cragg et al., 2000) . Further studies will be necessary to determine if the use of optimized transplantation protocols in combination with Pten deletion in embryonic, induced pluripotent and/or stem cell-derived dopamine neurons can normalize dopamine function in the MitoPark striatum to levels comparable with age-matched controls. Although the MitoPark model has many unique advantages, such as a uniform and long temporal window of endogenous dopamine neuron degeneration, it must be remembered that there are no data showing a TFAM polymorphism in Parkinson's disease. In this study, therefore, MitoPark mice are used mainly as a platform for studies on transplant survival.
Taken together, the results presented here demonstrate that selective deletion of Pten in dopamine neurons facilitates the survival and integration of grafted neurons with the host tissue. These studies further support the importance of the PTEN/Aktsignalling pathway in determining the intrinsic survival and growth responsiveness of neurons intended for transplantation. Activation of the master growth signalling pathway, Akt, in embryonic dopamine neurons induces survival and extensive axonal growth after transplantation, suggesting that retaining active protein synthesis during the grafting procedure is important for initiating a robust neuronal regenerative programme for axon growth in the adult host tissue. The improved survival and function of genetically modified dopamine neurons upon transplantation into this animal model suggests a promising strategy aimed at enhancing graft viability and function in cell replacement therapies.
